Abstract -Pollen might be contaminated by multiple pesticides representing a risk for long-term contamination of honeybees when collected. Standardized methodology to assess the effects of pesticide mixtures under field conditions is lacking. We conducted an experiment on chronic feeding of a diet contaminated with a field-realistic pesticide mixture on free-flying honeybee colonies. Pesticide residues in larvae and adult tagmata were detected in trace amounts. In colonies treated with a pesticide mixture, larval weight was higher and acini diameters of the hypopharyngeal glands of nurse bees were smaller than in the untreated control. Brood termination and adult lifespan did not differ between both groups. Our study offers a reproducible and applicable approach for testing effects of pesticides on bee health. As feeding of a field-realistic pesticide mixture did not elicit acute bee toxic effects, the described differences might be explained by sub-lethal effects or joint action of single compounds.
INTRODUCTION
The yield of various crops depends on pollination by bees, among which the honeybees (Apis mellifera Linnaeus 1758) are the most important pollinator species (Klein et al. 2007 ). However, the use of pesticides often coincides with honeybee activities in the crops. There are multiple routes for the exposure of foraging honeybees, either directly by spraying into the blossom (Koch and Weißer 1997) , by dust from treated seeds (Schnier et al. 2003) , by contaminated water puddles (Samson-Robert et al. 2014) , or by inhalation of volatilized pesticides (Geoghegan et al. 2013) or indirectly by accumulation of compounds in nectar, pollen, and guttation droplets (Kubik et al. 1999 , Girolami et al. 2009 .
Against this background, the uptake of pesticides by foraging bees into the hive and the contamination of food storage is obvious and might cause long-term effects on colony development (Mullin et al. 2010) . Mainly, the pollen-stored as bee bread-often contains a mixture of various chemical compounds, usually in trace concentrations (Chauzat et al. 2006; Mullin et al. 2010; Rosenkranz et al. 2013) .
Although there might be no acute insecticidal effect through such contaminations, various pesticides taken up in sub-lethal concentrations are considered to have negative effects on learning, foraging behavior, or development of individual honeybees Electronic supplementary material The online version of this article (doi:10.1007/s13592-016-0479-x) contains supplementary material, which is available to authorized users. (Thompson 2003; Aliouane et al. 2009; Dai et al. 2010; Wu et al. 2011; Williamson et al. 2013; Fischer et al. 2014; Urlacher et al. 2016) . Additionally, investigations of mixtures of some active substances have confirmed joint actions by additive and/or synergistic effects on physiological processes, often increasing the susceptibility to single pesticides in a pesticide mixture (Pilling et al. 1995; Gill et al. 2012) .
Finally, only few studies addressed the effects of chronic pesticide uptake, most of them only as in vitro studies (Dechaume Moncharmont et al. 2003; Human et al. 2014) .
In this study, we present a methodological approach that so far has not been used for testing the effects of a chronic exposure of pesticide mixtures on the colony level. Thereby, we utilized the advantages of laboratory cage tests as a targeted application of pesticides to individually marked bees but kept the test population under realistic field conditions within a small free-flying and queenright colony. Here, we tested both the effects on larval and imaginal development during and after chronic uptake of a pesticide mixture in realistic field exposure rates. A pesticide residue analysis of pollen loads, collected daily from pollen traps in an intensively used agricultural area, served to define (i) the substances and (ii) the concentrations of the pesticide mixture for the experiment.
MATERIALS AND METHODS

Analysis of field-collected pollen
and preparation of artificially pesticide contaminated pollen diets
Pollen traps were set up in spring (March-July) 2012, as part of a long-term pollen survey, on honeybee colonies situated in a typical agricultural region in Southern Germany characterized by high amounts of conventionally farmed corn and oilseed rape fields. Pollen pellets were collected daily and stored at −20°C for residue analysis. The highest concentrations of 12 pesticides in spring samples were taken as orientation values to create the pesticide mixture in the feeding experiment in 2014 (Online Resource 1, Table S-I). Pesticides used in rapeseed production but found only in traces below the limit of quantification (LOQ) (azoxystrobin, prosulfocarb, pyraclostrobin, and taufluvalinate) were considered in their respective concentration at limit of detection (LOD).
An artificial pollen-honey diet was prepared as a mixture of pesticide-free commercially available willow pollen pellets (Andreas Bock, Ökologische Imkerei, Mertingen, Germany), finely ground with a centrifugal mill and mixed with creamy honey (harvested at the Apicultural State Institute in spring 2014), in a kneading machine at a ratio of 40:60 % w /w. The test pesticides (commercial products in their respective formulation) were diluted in tap water 1:100, added to the honey in the necessary amounts to achieve the respective final concentration in the pollen diet, and thoroughly homogenized before mixing with the pollen (Table I and Online Resource 1, Table S-II).
Bee colonies and experimental design
Twelve colonies of A. mellifera carnica were set up in polystyrene mini hives (29 × 29 × 32 cm LWH) in July 2014. Each hive consisted of six frames with a residue-free wax foundation, colonized by approx. 2500 worker bees and one queen. Free mated sister queens of the year 2014 were used and caged on an empty frame at 8 p.m. for 24 h (start of the experiment = day 1) to obtain larvae of defined age. Because one queen of a control hive did not oviposit, only three replicates were left in this group. Sampling took place always at 8 a.m. at any observation date, causing an age difference of ± 12 h of larvae and bees.
The colonies were treated as follows: (1) pollen-honey diet with the pesticide mixture (n = 4); (2) pure pollen-honey diet (control, n = 3); and (3) pollen-honey diet mixed with fenoxycarb (toxic reference, n = 4). Fenoxycarb as an insect growth regulator is commonly used as a toxic control in tests on side effects of pesticides in bees (OECD 2007) . Fifty-gram packages of the respective diets were offered 1 day after start of the experiment to let the pesticides circulate in the colony while the brood was in the egg stage. When larvae hatched 2 days later, food packages were replaced three times until the cells were capped at day 9. Feeding was continued in the second period when worker bees had hatched from the capped cells for an additional 7 days. The exact amount of consumed pollen-honey diet was assessed daily using a portable balance. From colony formation until the end of the experiment, sugar paste (Apifonda®) was offered ad libitum to all colonies. To reduce the dilution of the pesticides by freshly collected pollen, a grid was placed at the hive entrance to scrape the pollen loads of foragers. To prevent effects through varroosis, each hive was equipped with one strip of the commonly used acaricide Bayvarol® (4 mg flumethrin). By using a synthetic acaricide, we tried to set up realistic conditions, as honeybees get into contact with both crop protection pesticides and acaricides used by beekeepers.
All colonies were placed at a yard of the apicultural state institute in Hohenheim in a randomized block design.
Brood development assessment and brood termination rate
Brood development assessment was done according to the method described by Schur et al. (2003) . After releasing the queen from the cage, the position of eggs at day 2 (brood fixing day) was marked on transparent sheets. Development of the brood was assessed at four successive dates (+ 5/ + 10/ + 16/ + 22 (± 1 day each) days after brood fixing day).
To calculate the brood termination rate (BTR), the brood was categorized by expected developmental stage reached (= successful development) or expected stage not reached (= brood terminated). According to the number of available brood cells, at least 133 cells per colony were analyzed. BTR for each treatment was then calculated as mean of the respective colonies.
Larval weight determination
Two days after cell capping, the brood cells were opened and at least ten larvae in the pre-pupal stage of each colony were randomly taken for individual fresh weight assessment. Immediately after weighing, the larvae of each colony were pooled, frozen, and kept at −20°C for later residue analysis. 
Color coding of bees and lifespan evaluation
Two days before emergence of adult bees from the marked cells, frames of each colony were put into cages and kept within an incubator (35°C) until hatching. Freshly emerged bees of each colony were tagged with numbered Opalith platelets on their thorax. After coding, the bees were reintroduced into their respective colonies. For 33 days, the presence of tagged bees was observed in 2-day intervals to determine the lifespan of each bee.
Preparation and size determination of the hypopharyngeal glands of nurse bees
Five six-day old color-coded bees of each colony were sampled, anesthetized, for 2 min in the freezer, and then decapitated. The heads were dissected, and hypopharyngeal glands were pulled out and placed on a microscope slide without a cover glass but with a drop of insect saline solution (Carreck et al. 2013 ). Diameters of 10 acini parallel to the axial duct per bee were measured under a microscope at a magnification of ×100 (Moritz and Crailsheim 1987) .
Pesticide residue analysis
The following samples were analyzed:
1. Pollen pellets from colonies at an intensive agricultural site (see Sect. 2.1) to identify field realistic residue pattern. Analysis were performed at the LUFA Speyer by a multi-residue (282 substances) QuEChERS approach (Anastassiades et al. 2003) 2. A sample of the pollen-honey diet from each treatment group 3. Eight-day old larvae (see Sect. 2.4), pooled per colony, to assess the pesticide content after the first period of feeding the diet 4. Six-day old nurse bees from each colony (9-10 each, pooled per colony) subdivided into head, thorax, and abdomen Analyses of samples 2-4 were done at the Julius Kühn-Institut, Berlin. Detailed method and equipment description are given in Online Resource 2.
Statistical analysis
Data were analyzed using the computer software JMP® 11.1.1 (SAS Institute Inc., Cary, NC, USA) and IBM SPSS Statistics 22 (IBM, Armonk, NY, USA).
Parametric data, i.e. , larval weight, acini diameter, and lifespan, were analyzed by the following steps: (i) generalized linear model (GLM procedure) and (ii) oneway ANOVA with subsequent Tukey-Kramer HSD test at α = 0.05, to compare the effects of independent parameters. F, df , and P values were corrected by Welsh test if variance inhomogeneity was given following Bartlett's test. BTR data were analyzed by a nonparametric Kruskal-Wallis test followed by a Wilcoxon pairwise comparison at α = 0.05.
A Kaplan-Meier analysis was performed to test for effects of treatments on adult survival against time. Seventy-five, 50, and 25 % survival probability was calculated from the Weibull distribution of survival.
RESULTS
Pesticide intake into colonies
Based on the pesticide concentrations in the diet (Table I ) and the daily consumption, the total quantity of pesticides introduced into each colony was calculated. On average, colonies in the pesticide group ingested 56.6 and 38.2 μg of the pesticide mixture during larval development and as nurse bees, respectively. In the toxic reference group, the mean amount of fenoxycarb consumed was 192.8 μg for larvae and 196.6 μg for nurse bees (Table II) .
Effect on larval weight, brood
termination rate, and acini diameter of hypopharyngeal glands
The average larval weight of the control group (140.7 mg) was significantly lower compared to the pesticide or fenoxycarb group, both with a larval weight higher than 145 mg (Table III) .
Brood termination was not significantly different between the untreated control (15.9 %) and the pesticide group (26.3 %). Yet, BTR was significantly higher in the positive control colonies compared to both other groups. In these colonies, more than 50 % of the marked larvae died before hatching (Table III) .
Acini diameters of the pesticide-fed colonies (125.2 μm) were significantly smaller than those of the control (133.3 μm), but significantly bigger than those in the toxic reference (120.0 μm; Table III ).
Survival analysis of adult bees
The median survival time, meaning the time half of the individuals have died, was considerably longer in the pesticide mixture group and the control group, with 27 and 29 days respectively, compared to the toxic reference group (5 days). However, no significant differences could be observed between the untreated control and the pesticide-treated group (Table IV and Online Resource 3).
Residue analysis of larvae and nurse bees
Five of the experimental substances (azoxystrobin, dimoxystrobin, fenoxycarb, tau- Table II . Amount of consumed pollen-honey diet (g, means ± SD) for the first (larval) and second (adult) feeding period, and calculated amount of pesticide intake (μg).
Control
Larvae Adults Chronic exposure of honeybees, Apis mellifera fluvalinate, thiacloprid) and flumethrin were occasionally identified in the residue analysis of larvae or bees. With the exception of azoxystrobin, fenoxycarb, and flumethrin, all compounds were found only in trace amounts below LOQ. Dimoxystrobin and thiacloprid were only detected in the pesticide group; the other compounds were present at least once in all three experimental groups (see Online Resource 4, Table S-III for details).
DISCUSSION
Although requested by scientists and beekeepers, the effect of pesticide mixtures in sub-lethal concentrations to honeybee colonies under field conditions has not properly been assessed yet (Mullin et al. 2010; Sanchez-Bayo and Goka 2014) . In this study, we present a new and applicable approach to test effects of pesticide mixtures on free-flying honeybee Table III . Effect of treatments on (i) weight (mg) of 8-day old larvae, (ii) brood termination rate (%), based on four brood assessment dates, and (iii) acini diameter (μm) of hypopharyngeal glands of 6-day old nurse bees; each given as mean ± SE. Each endpoint is indicated with statistical analysis. Means followed by common letters do not differ at α = 0.05, Tukey-Kramer HSD test colonies. Here, we fed a mixture of pesticides commonly found in pollen samples of colonies with access to areas with intensive oilseed rape and corn production. Each compound was used in sub-lethal concentrations based on the maximum values quantified in residue analysis during the flowering period of the crops. We offered the substances during the complete preimaginal developmental period and during the first week of imaginal development to imitate a chronic exposure inside the hive. This method allows the analysis of pesticide effects on individual bees that could develop and perform their social tasks under natural colony conditions. As the combination of plant protection products change during the season and between different agricultural areas, we are aware of the fact that our experiment is only an approximation to general field-realistic conditions (Rosenkranz et al. 2013) .
Fairly high residue concentrations of the toxic reference fenoxycarb confirmed the successful uptake of the pesticides in larvae and in adult bees and validate our experimental approach. Fenoxycarb is considered a particularly suitable standard as it affects larvae and adults as well. High rates of brood termination, decreased size of hypopharyngeal glands in nurse bees, precocious foraging, and a shortened lifespan were found, previously described as typical intoxication symptoms caused by juvenile hormone analogs (Rutz et al. 1976; Robinson 1985; de Ruijter and van der Steen 1987; Tasei 2001) .
Six of the experimental substances were occasionally identified in the residue analysis in larvae and nurse bee tagmata; however, only azoxystrobin, fenoxycarb, and flumethrin were above the LOQ.
An unexpected trace contamination of fenoxycarb was found in larvae of the untreated control and the pesticides group, but in 140-and 340-fold lower concentrations. This may be due to some individual erratic or robbing bees bringing back contaminated food from other colonies. As expected, the use of a synthetic acaricide to prevent mite infestation could also be identified in the residue analysis. Flumethrin as the active substance was found only in the abdomen of adult bees, presumably from the contamination of the abdominal surface of those bees during contact with the Bayvarol® strip. However, to quit the mite control would have an uncontrollable impact on experimental colonies. Even a low mite infestation in combination with associated infections of honeybee viruses has significant effects on the lifespan and physiological health parameters of the host bees (Dainat et al. 2012) . The use of a highly efficient mite treatment throughout the complete experimental period is therefore an indispensable requirement if free-flying colonies are used.
A further source of traces of fungicides (azoxystrobin, carbendazim) and one insecticide (thiacloprid) in the treatment and control pollenhoney diet was the polyfloral honey used in the diet, containing also rapeseed components. Although this honey was considered pesticide free, it contained a reasonable proportion of these typical rapeseed pesticides. But it should be emphasized that the bees of the pesticide group were fed with a worst-case concentration of a field-realistic pesticide mixture over the whole life cycle creating a substantial difference in pesticide application compared to the control bees. However, for future tests, a different kind of honey such as honeydew honey with unlikely contact to pesticides may serve better to form artificial bee bread. In the case of trace residues of azoxystrobin in the control group, it is likely that foraging bees collect contaminated nectar or pollen. Even by using a pollen grid, the intake of pollen cannot be completely excluded. Azoxystrobin is a very commonly used fungicide that is frequently used by farmers and private users in different crops and ornamental plants. Generally, our data provide no evidence for bioaccumulation of any substance in the pesticide mixture and concentrations offered, even after chronic feeding.
A direct comparison of our residue data with those from other studies is rather difficult, as most of the studies subject their analysis to bee samples from colonies in intensively used agricultural areas, poisoning incidents or analysis of only a few substances (Chauzat et al. 2009; van Engelsdorp et al. 2009; Mullin et al. 2010; Pareja et al. 2011; Wiest et al. 2011; Kasiotis et al. 2014; Codling et al. 2016; Hladik et al. 2016) . Furthermore, none of them were conducted under similar experimental approaches with chronic feeding of a pesticide mixture.
Larvae and bees treated chronically with fieldrealistic concentration of our pesticide mixture did Chronic exposure of honeybees, Apis mellifera not reveal measurable bee toxic effects, not even after ingestion of the most toxic substance of our mixture, methiocarb. Both brood termination (BTR) and average lifespan of worker bees were not significantly affected by the treatment compared to control bees. The measured lifespan here reflects the average lifespan of worker summer bees of 30-40 days (Winston et al. 1981) . Consequently, from these results, we would not expect that the colony development and population size are negatively affected by an increased mortality.
However, we observed significant differences within two physiological endpoints that may indicate sub-lethal effects of the pesticide mixture at the individual bee level.
One physiological endpoint recorded was the larval weight 2 days after the capping of the brood cell. Larvae from the pesticide group had a significantly higher fresh biomass than the control, although with a relatively low difference of only 4 % between the two groups. Despite the sometimes high variance in larval weight found by several authors (Babendreier et al. 2004; Hrassnigg and Crailsheim 2005) , the differences found in our experiments are considered reliable because of a very low variance within the treatments. This unexpected weight difference may be explained by a pesticide-induced slight delay of larval development. This putative positive effect on weight during larval development is consistent with results of a recently published experiment where the sub-lethal application of a pesticide to honeybee queen larvae caused an increase of the number of ovarioles in the hatching queen. Also, this phenomenon could not satisfactorily be explained by the authors (Williams et al. 2015) . Generally, impacts of pesticides on honeybee larvae are poorly understood so far (Human et al. 2014) .
The second endpoint that showed significant differences was the acini diameter of hypopharyngeal glands in nurse bees, which was significantly smaller in the pesticide treatments compared to the control. In our experiment, the average acini size of the control bees was somewhat smaller than that reported by Deseyn and Billen (2005) . This might be due to the fact that we used 6-day-old bees where the acini had not developed yet to their full size. However, as we used exactly the same age for both groups, the about 6 % reduced size in the pesticide-treated bees has likely been caused by the treatment and might indicate a pesticide-induced delay of growth. This is in accordance with Hatjina et al. (2013) who reported similar effects after ingestion of sub-lethal concentrations of imidacloprid and Heylen et al. (2011) who recorded similar effects even after an only 24-h application of food contaminated with different pesticides. The effect of smaller hypopharyngeal glands on the colony development can only be estimated. Hatjina et al. (2013) assumed that acini of smaller size interfere with the production of jelly and might additionally speed up the shift from nurse to foraging bees. The latter could reduce the percentage of nurse bees in a honeybee colony and subsequently lead to a decline of the colony size.
We can only speculate whether synergistic and/ or additive effects were responsible for the potential delay of growth or maturing processes causing differences in larval weight and the size of hypopharyngeal glands, respectively. For instance, synergistic effects have been confirmed for a combination of ergosterol-biosynthesis-inhibiting (EBI) fungicide and a pyrethroid insecticide (Pillings et al. 1995) or neonicotinoids (Iwasa et al. 2004; Thompson et al. 2014) and additive effects for a combination of neonicotinoids and pyrethroids (Gill et al. 2012 ). In the study at hand, we have a combined exposure of EBI fungicides (tebuconazole, triadimenol), pyrethroid insecticides (tau-fluvalinate, flumethrin), and neonicotinoid insecticides (acetamiprid, thiacloprid). However, it seems impossible to analyze for a mixture with 12 pesticides the possible additive and synergistic effects, even more under the conditions of chronic exposure. In view of this fact, our approach offers anyway a feasible option to perform a fieldrealistic risk assessment. For this purpose, one has (i) to analyze the worst-case contamination of the honeybee colony in a certain region and (ii) use these pesticides in the respective composition for a chronic application in free-flying mini hives.
However, there are still some constraints associated with this approach. So it is nearly impossible to ensure completely residue-free controls over the whole experimental period. Trace contamination of controls can occur by (i) previously contaminated food, (ii) robbing from neighboring treated colonies, and (iii) foraging from treated crops. Thus, controls without any pesticide residues are hardly possible when free-flying colonies are used. To minimize the contamination via nectar intake, the tests with the mini hives should be performed far from agricultural used sites.
Nevertheless, the use of free-flying colonies avoids negative semi-field and cage effects (Schur et al. 2003; Pistorius et al. 2011 ) and our approach represents currently the only option to evaluate longterm effects of pesticide mixtures under field realistic conditions. Yet, such methods are essential in terms of prohibition or re-registration of pesticides.
